The retinoblastoma protein, pRB, and the closely related proteins p107 and p130 are important regulators of the mammalian cell cycle. Biochemical and genetic studies have demonstrated overlapping as well as distinct functions for the three proteins in cell cycle control and mouse development. However, the role of the pRB family as a whole in the regulation of cell proliferation, cell death, or cell differentiation is not known. We generated embryonic stem ( 
The RB tumor suppressor gene has been implicated in a wide variety of human tumors, including familial retinoblastomas and osteosarcomas, as well as sporadic lung, prostate, bladder, and breast carcinomas (Goodrich and Lee 1993) . The pRB protein is thought to be a critical component in the control of the restriction point of the G 1 /S transition of the cell cycle (Weinberg 1995) . pRB inhibits the expression of genes required for S-phase entry and progression by directly binding to the E2F family of transcriptional factors, resulting in transcriptional inhibition and active repression of these genes (Dyson 1998) . Near the G 1 /S transition, pRB is sequentially phosphorylated by cyclin D-CDK4,6 and cyclin E-CDK2 complexes, leading to release of E2F from pRB, activation of E2F target genes and S-phase entry (Weinberg 1995; Dyson 1998) . The assembly and activity of the cyclin-CDK complexes are regulated by the cyclin kinase inhibitors of the INK4 and CIP/KIP families (Hengst and Reed 1998; Ruas and Peters 1998) .
This simple scheme is complicated by the existence of two genes structurally and functionally related to RB, p107, and p130 . The three proteins of the pRB family have similar properties, such as binding to E2F family members (Dyson 1998) . Each pRB family member is also able to inhibit cell cycle progression when ectopically expressed (Harbour and Dean 2000) . However, there is growing evidence that the three pRB family members also have distinct cellular and developmental functions. They are differentially expressed during mouse development (Jiang et al. 1997) , and their ability to arrest the cell cycle can be cell-type specific (Zhu et al. 1993 ). In addition, the different pRB family members preferentially associate with different E2F family members during cell cycle progression, and functional differences may exist between these complexes (Dyson 1998) .
To begin to define the individual roles of pRB related proteins in vivo, the three genes have each been inactivated in mice. Rb −/− embryos die at midgestation with inefficient erythropoiesis, as well as abnormal cell cycle entry and cell death in the liver, lens, and nervous system (Clarke et al. 1992; Jacks et al. 1992 ; Lee et al. 1992) . These defects can be partially or completely ameliorated through combined mutation of E2f-1, suggesting that increased E2F activity is responsible for many of the effects of Rb deficiency in embryogenesis (Tsai et al. 1998) . Rb +/− mice and chimeric animals made with Rb −/− ES cells develop pituitary and thyroid tumors but not retinoblastoma or any of the tumors commonly associated with RB mutation in humans (Clarke et al. 1992; ; Lee et al. 1992; Maandag et al. 1994; . In contrast, p130 −/− and p107 −/− mice do not have any obvious developmental or tumor phenotype on 129/Sv or C57BL/6 genetic backgrounds (Cobrinik et al. 1992 ; Lee et al. 1996) . Interestingly, on a Balb/c genetic background, p107 and p130 mutations do have phenotypic effects (LeCouter et al. 1998a,b) . Also, there are some examples of functional inactivation of p107 or p130 in human tumors (Takimoto et al. 1998; Claudio et al. 2000) , suggesting that in certain settings, p107 and p130 may have an essential role in cell cycle control.
Analysis of double-mutant mice has also provided evidence for overlapping roles of the three family members in mouse development and cell cycle control. Rb −/− ; p107 −/− and Rb −/− ;p130 −/− embryos die earlier during mouse development than Rb −/− embryos, with more pronounced cell cycle defects and increased cell death ; G.J. Mulligan and T. Jacks, unpubl.) . On a mixed 129/SvxC57BL/6 genetic background, p130 −/− ; p107 −/− mice die just after birth with defects in bone formation and abnormalities in chondrocyte proliferation (Cobrinik et al. 1996) . Studies using single-or double-mutant T lymphocytes have shown that p107 can effectively compensate for absence of p130 in this cell type, and that the levels of pRB:E2F complexes increase in p130 −/− ;p107 −/− T cells ). Finally, chimeric mice produced by injection of Rb −/− ; p107 −/− ES cells developed retinoblastomas (RobanusMaandag et al. 1998) , demonstrating that in the context of Rb deficiency, p107 can act as a tumor suppressor gene in mice.
The effect of Rb family mutations has also been examined in mouse embryonic fibroblasts (MEFs) in culture. Rb −/− and p107 −/− ;p130 −/− fibroblasts (Herrera et al. 1996; Hurford et al. 1997 ) each have mild defects in cell cycle regulation and show differences in the inappropriate expression of cell cycle-regulated genes. pRB, but not p107 or p130, is required for terminal differentiation and for maintenance of the postmitotic state of MEFs induced to differentiate in the myogenic lineage (Novitch et al. 1996) .
The adenovirus E1A, SV40 Large T, and human papillomavirus E7 oncoproteins all bind to the three pRB family proteins (Zalvide and DeCaprio 1995; Flint and Shenk 1997; Smith-McCune et al. 1999 ) and have been extensively used to study the function of the RB family. Mutations that prevent binding to pRB, p107, and p130 also impair the ability of these viral proteins to transform cells, indicating that such interactions are necessary for viral transformation (Nevins 1994) . While experiments using Rb −/− fibroblasts indicate that pRB may be the critical target for this interaction domain of adenovirus E1A in cellular transformation in this cell type (Samuelson and Lowe 1997) , inactivation of other pRB-related proteins may be important in other cells. Also, experiments with viral oncoproteins have suggested a role for the RB family as a whole in the cellular response to DNA damage (Demers et al. 1994; Slebos et al. 1994) . However, these viral oncoproteins interact with many other cellular proteins (Whyte et al. 1989) and also interact differently with each pRB family member (SmithMcCune et al. 1999) , which complicates the interpretation of these experiments.
These results strongly indicate that the three Rb family members have shared as well as distinct roles in various cellular processes. However, because of this functional overlap, the exact role of the Rb family in controlling cell cycle is not fully understood. Also, the relative importance of each family member for processes as diverse as cell death, cell differentiation, or cell proliferation has not been addressed. To understand the role of the pRB family as a whole in various aspects of cell cycle control and to eliminate the possibility for functional compensation among the family members, we have generated cells genetically deficient for pRB, p107, and p130. Analysis of these triple knock-out cells in comparison with wild-type, single-, and double-mutant cells demonstrates a fundamental role of the Rb family in the control of the G 1 /S transition and also highlights the functional overlap between the three family members in multiple aspects of cell cycle regulation. To understand the functional similarities and differences between the three Rb family members, we wished to examine triple-mutant cells in culture in comparison with single-and double-mutant controls. Because of the previous analysis of p107 −/− ;p130 −/− and Rb −/− mouse embryonic fibroblasts (MEFs; Herrera et al. 1996; Hurford et al. 1997; Samuelson and Lowe 1997; Brugarolas et al. 1998; Harrington et al. 1998) , we chose to generate and characterize triple knock-out (TKO) MEFs. To this end, p107
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−/− embryonic stem (ES) cell lines were generated de novo from embryos obtained by breeding. One of these ES cell lines was shown to produce highly chimeric embryos and adult animals (data not shown) and was used to create TKO ES cells by two successive rounds of targeted homologous recombination into the Rb locus. Targeting of the first Rb allele was performed using a vector carrying the hygromycin resistance gene . Three p107 −/− ;p130 −/− ;Rb +/− subclones were isolated, and the second Rb allele was targeted in each of these subclones (Fig. 1A) . The second Rb targeting vector carried a puromycin resistance gene and created a conditional allele of Rb, with two loxP sites surrounding exon 3. This strategy was employed to allow better control of the final targeting event in case cells lacking Rb family function were nonviable. After expression of the Cre recombinase, ES cell clones were tested by PCR and Southern blot for loss of Rb exon 3 ( Figure  1A ,B; data not shown). This deletion creates a frameshift in the coding sequence and, therefore, if stable, only the extreme N-terminal part of the pRB protein could be expressed from this Rb ×3⌬ allele (see below). Exponentially growing undifferentiated TKO ES cells were indistinguishable from control ES cells (data not shown), which is consistent with an apparent lack of pRB regulation in ES cells (Savatier et al. 1996) . TKO MEFs were obtained from chimeric embryos produced via blastocyst injection of different TKO ES cells clones. After plating, the mutant MEFs were selected for two passages in culture using neomycin and hygromycin, and elimination of contaminating wild-type MEFs was assessed by genomic PCR (Fig. 1C) . To ensure that the selection process did not alter the properties of TKO (C) TKO MEF populations purity assayed by PCR. Primers 1-2 and 1-3 amplify Rb wild-type (wt) and mutant (mut) alleles, respectively −/− MEFs were chosen as controls because these cells have been previously characterized in various cell-based assays (Herrera et al. 1996; Hurford et al. 1997; Samuelson and Lowe 1997; Brugarolas et al. 1998; Harrington et al. 1998 ) and because p107 and p130 proteins are more closely related to each other than they are to pRB (Weinberg 1995) . It is important to note that we have not compared the TKO cells to all double-mutant combinations (see Discussion). As determined by Western blot analysis, TKO MEFs did not express any of the pRb family proteins, whereas p130 −/− ;p107 −/− MEFs express only pRB and Rb −/− MEFs express both p107 and p130 (Fig. 1D) . Similarly, in E2F gelshift assays, p107
−/− and Rb −/− MEFs extracts contained both E2F and free E2F complexes bound to pRB family proteins, which could be supershifted with specific antibodies (Fig. 1E) . In TKO MEFs, the addition of antibodies directed against the three family members did not alter the gelshift pattern (Fig. 1E ). This experiment confirms that TKO cells do not express any known pRB family protein and indicates that they possess high levels of E2F in the free form. We also failed to reproducibly observe distinct E2F-containing complexes in the TKO MEFs, although given the limitation of the assay, these data do not conclusively rule out the existence of additional pRB-related protein (see Discussion). In conclusion, these results show that TKO MEFs (and ES cells) are viable and proliferate in culture, demonstrating that pRB, p107, and p130 are dispensable for basic cell cycle progression and cellular survival under these conditions.
Initial cell cycle characterization of TKO MEFs
According to the model in which the pRB family proteins control cell cycle entry by inhibiting the action of E2F, the absence of pRB, p107, and p130 would be expected to have an effect on the G 1 /S transition of the cell cycle. Flow cytometric analysis performed on cells cultured in 10% serum showed that ∼20% of exponentially growing wild-type, p107 −/− ;p130 −/− and Rb −/− MEFs were in the S phase of the cell cycle, whereas under the same conditions, close to 35% of TKO MEFs were in S phase ( Fig. 2A) . Associated with an increased S-phase fraction, TKO MEFs also had a pronounced decrease in the percentage of cells in G 1 (43% versus 63% for wild-type cells).
An acceleration of the G 1 phase and/or the G 1 /S transition would be expected to reduce overall cell cycle times. Therefore, we examined TKO and control MEFs for their proliferation rates. In the exponential phase of proliferation (2-4 d after plating; Fig. 2B ), the population doubling time of TKO MEFs was 20%-25% shorter than control cells (24 h versus 28-30 h). These data confirm our previous report that the overall doubling time of Rb −/− MEFs is similar to that of wild-type MEFs even though they have a shorter G 1 phase (Herrera et al. 1996) and indicates that the cell cycle defects in TKO MEFs are more profound. The viability of exponentially growing wild-type, Rb
, and TKO cells were close to 95% and not significantly different, as assayed by Trypan blue exclusion and annexin staining (data not shown).
When cells reach confluence, after 6-8 d in culture, TKO MEFs were two to three times more abundant than the controls (Fig. 2B ). When examined in light microscopy, TKO cells were notably small in size (not shown), and FACS analysis measuring forward-side scatter indicated that they were ∼40%-50% smaller than control cells by volume (Fig. 2C ). We have previously reported that Rb −/− MEFs have a slightly reduced volume compared to wild-type cells, but only in the 2n population (Brugarolas et al. 1998 ). However, both the 2n and 4n populations of TKO MEFs had reduced volume (Fig. 2C) , which is again indicative of a more profound cell cycle defect.
TKO cells do not arrest in G 1 following exposure to DNA-damaging agents
The cell cycle properties of TKO MEFs suggest a significant defect in G 1 control. The response to DNA damage is a commonly used measure of G 1 regulation in mammalian cells, and defects in this response are important in tumor progression (Kastan 1997) . Wild-type MEFs respond to the DNA damage caused by ␥ irradiation by inducing a p53-dependent G 1 arrest and a p53-independent G 2 arrest (Kastan et al. 1992) . The G 1 arrest response in MEFs has been shown to be partially dependent on the presence of functional pRB (Samuelson and Lowe 1997; Harrington et al. 1998 ). Therefore, we tested the response of TKO and control cells to ␥ irradiation. As expected, wild-type MEFs accumulated in G 1 by 18 hours after ␥ irradiation (Fig. 3A) . Rb −/− and p107 −/− ; p130 −/− MEFs appear to have a reduced G 1 arrest response, as described previously for Rb −/− MEFs. Strikingly, TKO MEFs, like p53 −/− MEFs, were completely deficient for the G 1 arrest response (Fig. 3A) . Also similar to p53 −/− MEFs, TKO cells accumulated in G 2 /M following ␥ irradiation.
We also treated MEFs of different genotypes with the chemotherapeutic agent, doxorubicin, which causes double-strand breaks and other forms of DNA damage and causes G 1 arrest in wild-type MEFs (L. Attardi, A. de Vries, T. Jacks, in prep.). As with ␥ irradiation, TKO cells failed to arrest in G 1 and accumulated in the G 2 /M phase of the cell cycle (Fig. 3B) . As expected, p53 −/− MEFs were also blocked in G 2 /M following doxorubicin treatment. Rb −/− and p107
;p130 −/− MEFs displayed an intermediate phenotype (Fig. 3B) , with partial arrest in G 1 . These experiments implicate p107 or p130 in the cellular DNA damage-response pathway, as previously suggested in experiments using the HPV E7 oncoprotein (Demers et al. 1994; Slebos et al. 1994 ), but in contrast to previous observations in p107 −/− ;p130 −/− MEFs (Harrington et al. 1998). More generally, they demonstrate that multiple members of the pRB family are required for proper cell cycle arrest following DNA damage. The normal DNA damage response has been shown previously to be dependent on p53 and its target gene p21 CIP1 (Dulic et al. 1994; Brugarolas et al. 1995) . Western blot analysis of TKO cells showed that p53 was expressed at high levels in TKO MEFs (Fig. 3C ). The p53 protein was shown to be functional in electromobility shift analysis (data not shown), and importantly, following doxorubicin treatment (Fig. 3D ) and ␥ irradiation (data not shown), the expression of the p53 target gene p21 CIP1 was induced in TKO cells. Therefore, we conclude that the p53/p21 CIP1 cell cycle arrest pathway induced following DNA damage converges on the pRB family proteins.
TKO cells do not arrest in G 1 following contact inhibition and serum starvation
In addition to the fact that they are smaller, TKO MEFs might have reached a higher density at confluence (Fig.  2B ) if they were not sensitive to contact inhibition (Holley 1975) . When left at confluence for 2-3 d, even when media was replenished daily, wild-type, p107
−/− , and Rb −/− MEFs showed a typical G 0 /G 1 cell cycle arrest. In contrast, TKO MEFs did not undergo cell cycle arrest under these conditions (Fig. 4A ) and showed increased cell death (data not shown; see below). We next performed a modification of this experiment, in which after 2 d at confluency, the medium was changed to 0.1% serum for two additional days. Under these conditions, wild-type MEFs were fully arrested in G 0 /G 1 , without a significant increase in cell death ( Fig. 4B-D ; see Brugarolas et al. [1998] for Rb −/− cells). In striking contrast, low serum concentrations resulted in a massive cell death of confluent TKO MEFs cultures. A representative example of confluent TKO cells dying in 0.1% serum is shown in Figure 4B , where a sub-G 1 population is visible in the FACS population, indicative of cells with degraded genomic DNA. Western blot analysis using antibodies directed against a cleaved form of the PARP protein performed on these cell extracts confirmed that the TKO cells, but not the controls, were dying from apoptosis (Fig. 4C) . Annexin staining of the cells indicated that only 20%-30% of TKO cells were still alive in these conditions (Fig. 4D) . When dead cells were carefully removed from the starved, confluent TKO MEF populations, the remaining cells were shown to be in active cell cycle (Fig. 4C) . Similarly, decreased growth factors concentrations in nonconfluent TKO cell cultures resulted in high levels of apoptosis and no G 0 /G 1 arrest (data not shown). These experiments indicate that presence of the three family members is necessary to enable the cells to arrest in G 1 following cell-cell contact and serum withdrawal, as was the case for DNA damage response. In contrast to the DNA damage response, however, TKO cells failed to arrest in G 2 /M under these conditions and underwent apoptosis. In this respect, these results implicate p107 and p130 in the inhibition of apoptosis.
TKO MEFs are immortal
An important step in cellular transformation is the ability to grow indefinitely by bypassing the normal senescence program that imposes a finite number of divisions in culture. Given that senescence results in G 1 arrest and that TKO MEFs have defective G 1 arrest responses, we examined the lifespan of these cells in culture using the 3T3 protocol (Todaro and Green 1963) . In eight independent experiments using cells derived from different chimeric embryos, TKO MEFs maintained constant proliferation rates and failed to undergo senescence (Fig. 5A) . The absence of the senescence phenotype in these cells was confirmed by examining individual cells microscopically, where no morphological changes associated with senescence (flat, large, nondividing cells) were observed (data not shown). p53 −/− MEFs, which have been shown to be immortal (Harvey et al. 1993) , served as positive controls in this experiment. In contrast, 5 of 6 wild-type, six of eight p107 −/− ;p130
, and three of five Rb −/− MEF cultures underwent senescence in the 3T3 protocol, and cells from these cultures showed features of senescence ( Fig. 5A ; data not shown). Importantly, those control MEFs that gave rise to immortalized cells showed a typical biphasic proliferative curve over time. In the first phase of the curve, the population doubling times decreased regularly as the bulk of the cells underwent senescence. These cultures then expanded again at later passages, consistent with the emergence of an immortalized clone(s) following a subsequent genetic event(s).
Another measure of cellular immortalization is growth at very low cell density, which triggers a rapid or premature senescence program in wild-type MEFs. In contrast to control MEFs, we found that when plated at low density, TKO MEFs were able to proliferate and form colonies (Fig. 5C ), a process similar to but not performed as efficiently as p53 −/− MEFs. As in the DNA damage and 3T3 experiments, Rb −/− MEFs showed an intermediate response in this assay, with more colonies growing after plating at low density than with wild-type MEFs.
To ensure that TKO cells had not accumulated mutations that led to a bypass of the senescence program before the immortalization assays, we examined the sensitivity of the cells to ectopic expression of pRB. Earlypassage TKO MEFs were infected with a retrovirus expressing a wild-type human RB cDNA before low-density plating. Expression of pRB was verified in these cells by Western blot analysis (data not shown). As shown in Figure 5D , reexpression of pRB in TKO cells inhibited the colony formation completely. This result demonstrates that TKO cells remain sensitive to pRB family function under these conditions and indicates that their immortalized state is a direct result of the lack of these proteins.
Among many changes associated with senescence in culture, increased expressions of the cell cycle inhibitors p16
INK4A and p19 ARF are thought to be critical in inducing permanent G 0 /G 1 arrest (Kamijo et al. 1997; Stein and Dulic 1998) . Importantly, similar to wild-type cells, the levels of p16
INK4A and p19 ARF increased in later passages TKO cells (Fig. 5B) . Thus, TKO cells appear to be resistant to growth arrest signals induced by elevated p16 INK4A and p19 ARF levels. The p21 CIP1 cell cycle inhibitor has also been shown to play a role similar to that of p16 INK4A in senescence in human cells, although its role in mouse cells is less clear (Brown et al. 1997; Pantoja and Serrano 1999) . In early passages of TKO MEF cultures during the 3T3 protocol, p21 CIP1 levels remained constant or increased as expected (Fig. 5B) . Interestingly, however, p21 CIP1 levels strongly decreased in two of five late-passage TKO MEF cultures tested (Fig. 5B) . Given that p21 CIP1 is a direct target of p53, we examined p53 levels in early-and latepassage TKO cells. Initially, p53 levels remained constant or increased in TKO MEF cultures over time (Fig.  5B) . However, p53 levels decreased significantly in the two late-passage TKO MEF cultures that showed reduced p21 CIP1 expression (Fig. 5B ). These data indicate that while loss of p53 function is not required for the immortalization of TKO cells per se, p53-deficient variants might be selected following prolonged passages, perhaps because of reduced apoptotic rates in these cells. Consistent with the lack of requirement of p53 mutation for immortalization in TKO MEFs, we observed persistent expression of p21 CIP1 and p53 in all clones (n = 12) originating from low-density plating of two independent TKO MEF cultures (data not shown). Together, these results indicate that TKO cells are immortal and resistant to signals controlling senescence in MEFs and that loss of the three pRB family members is sufficient to bypass the senescence program.
Focus formation, anchorage-independent proliferation, and Ras transformation of TKO MEFs
On the basis of the various assays described above, TKO MEFs share many properties of transformed cells. To characterize the state of transformation of these cells further, we examined two well-studied features of transformation, focus formation on a monolayer of cells and anchorage-independent proliferation, as well as sensitivity to oncogenic Ras expression. As shown in Figure 5E , TKO cells were able to form foci on top of a confluent monolayer of cells after 2-3 wk of culture, a phenomenon not observed in control cells. Interestingly, p53 −/− MEFs behaved similarly to wild-type MEFs in these assays, arresting in G 0 /G 1 on confluency and failing to form spontaneous foci (Fig. 5F ). Transformed cells originating from adherent cells commonly show the ability to grow in anchorage-independent conditions (Assoian and Zhu 1997) . We found that TKO MEFs also exhibited this aspect of transformation, as evidenced by their ability to form colonies in soft agar. The extent of growth of TKO cells was comparable to that of Rb −/− ;p21 −/− MEFs (Brugarolas et al. 1998), while none of the control genotypes were able to form colonies in soft agar (Fig. 5F ). In these experiments, however, TKO MEFs were not as robust as p53 −/− cells transformed with oncogenic Ras and adenovirus E1A, which formed more and larger foci and softagar colonies (data not shown; see Brugarolas et al. 1998) . Thus, although they possess some features of transformed cells, TKO MEFs are not fully transformed. Indeed, when injected into the flank of nude mice, they failed to form tumors (Table 1) .
To examine the effects of oncogenic Ras expression on TKO MEFs, cells were infected with a retrovirus carrying the oncogenic H-RasV12 and subjected to selection to obtain pure populations. As described previously (Serrano et al. 1997) , wild-type MEFs underwent a form of cellular senescence on overexpression of activated Ras, as did Rb −/− and p107 −/− ;p130 −/− MEFs (data not shown). In contrast, TKO MEFs expressing H-RasV12 exhibited a dramatic change in morphology, indicative of transformation, and continued proliferating after several weeks and several passages in culture (Fig. 6A,B) . In addition, compared to TKO cells, these H-RasV12-TKO cells formed more clones after plating at low density (Fig. 6C) , produced larger foci in confluent cultures (data not shown), and showed enhanced proliferation in soft agar (Fig. 6D) . Furthermore, H-RasV12-TKO MEFs were tumorigenic in nude mice (Table 1) . Thus, oncogenic Ras can cooperate with inactivation of the three pRB family members in cellular transformation, including by promoting tumorigenic potential (see Discussion).
Discussion
Convergence of growth arrest signals on the Rb family
We show here that mouse embryonic fibroblasts mutants for the three pRB family members are unable to arrest in G 1 following various inhibitory signals, such as confluence, low serum, detachment from the substratum, DNA damage, or normal or premature senescence. All of these signals use different transduction pathways to induce cell cycle arrest, but eventually, each is thought to converge on the cell cycle inhibitors of the INK4 and/or CIP/KIP families. For example, it is known that the senescence program involves increased levels of both p16
INK4A and p21 CIP1 (Stein and Dulic 1998) and that low-serum conditions inhibit cyclin D1-and cyclin E-dependent kinases activities via p16
INK4A and p21 CIP1 / p27 KIP1 , respectively (Sherr 1996) . Our data would indicate that absence of the pRB family eliminates key targets of these inhibitors and makes cells refractory to G 1 arrest. Preliminary observations indicate that TKO cells are also resistant to G 1 arrest induced by overexpression of p27 KIP1 and p19 ARF cell cycle inhibitors (J. Sage and K. Tsai, unpubl.) . It will be interesting to determine whether any conditions that normally induce G 1 arrest would operate in cells lacking pRB family function.
Immortalization
It has been postulated that cells in which G 1 control was compromised may undergo inappropriate S-phase entry, accumulate mutations, and undergo cellular transformation (Pardee 1989; Sherr 1996) . We show here that absence of pRB family function and consequent loss of G 1 control leads to cellular immortalization directly. 3T3 assays, low-density plating experiments, and absence of senescence induced by oncogenic Ras have been used previously to demonstrate the immortalized properties of Ink4a −/− , ARF −/− , and p53 −/− MEFs (Harvey et al. 1993; Kamijo et al. 1997; Serrano et al. 1997) . Thus, the stillto-be-defined signal transduction pathway that leads from excessive mitogenic signaling or prolonged passage in culture to increased levels of p16 INK4A , p19 ARF , p53, and p21 CIP1 converges on the pRB family. Also, in cells lacking just pRB or just p107 and p130, the senescence programs can effectively result in permanent G 0 /G 1 arrest; in cells lacking all three proteins, such programs are ineffective.
Cellular transformation
We have shown here that inactivation of the pRB family is not sufficient for full cellular transformation. For example, TKO MEFs are not tumorigenic in nude mice, and their ability to form colonies in soft agar or to form foci at confluency is reduced compared to fully transformed cells. This suggests that loss of G 1 control leads to immortalization but is not sufficient for full transformation and that additional mutations are required for this effect. We have observed that TKO cells are more Rb family inactivation and G 1 control susceptible than control cells to cell death under specific conditions and, also, that loss of p53 occurred in some late-passage TKO cultures. Thus, antiapoptotic mutations might cooperate with pRB family mutations in transformation. In addition, oncogenic Ras caused increased tumorigenicity of TKO cells, suggesting that increased mitogenic signaling can promote transformation in cells lacking G 1 control. It must be noted, however, that Ras-transformed p53 −/− MEFs or NIH3T3 cells form larger colonies in soft agar and tumors in nude mice more rapidly than Ras-transformed TKO cells. Therefore, mutations in other cellular pathways may be required for full transformation.
Functional overlap
The analysis of TKO and control MEFs underscores the degree of functional overlap between the three pRB family members and indicates that this overlap is present in many aspects of cell cycle regulation. Depending on the assay, Rb −/− or p107 −/− ;p130 −/− cells were either indistinguishable from wild-type cells (e.g., colony formation in soft agar or Ras-induced senescence) or showed an intermediate response between wild-type and TKO MEFs (e.g., G 1 length or response to DNA-damaging agents). Therefore, the degree to which different pRB proteins can functionally compensate for one another may vary depending on the cellular context. The phenotypic differences between Rb −/− and TKO cells highlight the importance of p107 and p130 as cell cycle regulators, at least in cells with compromised pRB function. It is also possible that in certain conditions, p107 or p130 are more functionally related to pRB than they are to each other, and therefore, one might expect additional intermediate phenotypes in Rb −/− ;p107 −/− or Rb 
Lack of additional Rb family members
On the basis of experiments performed in p107 −/− ; p130 −/− MEFs and T lymphocytes, we and others had suggested that an additional E2F binding protein might be present in mouse cells (Hurford et al. 1997; ). Specifically, a fraction of cellular E2F was found in a complex that could not be supershifted with anti-pRB antibodies in these cells. However, in the analysis of TKO MEFs grown in various conditions (e.g., low serum concentration, confluence treatment, exposure to DNA-damaging agents), we have no compelling evidence for such an activity ( Fig. 1E ; data not shown). It is possible that in both previous reports, the pRB-specific antibodies failed to supershift all of the pRB-containing complexes. However, because of the limitations of electromobility shift assays, novel E2F complexes might not have been detected in these cells under these conditions. Finally, to date we have failed to identify additional pRBrelated proteins on searching EST and genomic sequence databases. The availability of the complete human and mouse genome sequences will allow for a definite conclusion to this point.
Control of the cell cycle upstream and downstream of the pRB family
The availability of cells carrying combined mutations for the pRB family members and the knowledge of the upstream and downstream regulatory pathways that affect them allow for a better understanding of the similarities and differences between the three family members. However, several points still remain unclear. For example, ectopic expression of p16
INK4A does not induce G 1 arrest in Rb −/− cells (Medema et al. 1995) . This result is difficult to reconcile with our current understanding of functional compensation within the Rb family. Perhaps the residual cell cycle regulation provided by p107/ p130 is not sufficient to confer growth arrest in this setting. In addition, it has recently been shown that p16
INK4A overexpression does not arrest p107
−/− cells (Bruce et al. 2000) . It is, therefore, possible that in some circumstances a certain threshold level of activation of the pRB family function is necessary for proper cell cycle arrest and that the level of this threshold may vary depending on the cellular context. The E2F family of transcription factors can be divided in two groups, with E2F-1, E2F-2, and E2F-3 serving as activators of transcription and E2F-4 and E2F-5 being involved primarily in transcriptional repression through recruitment of pRB family proteins. pRB, p107, and p130 interact differentially with the E2F family proteins: pRB binds preferentially to the E2F-1-4, and p107 and p130 interact more specifically with E2F-4 (Dyson 1998). These differences suggest that the pRB family members control two types of downstream pathways to arrest cells, perhaps targeting two different sets of genes. However, the target genes of the E2F family have not been well characterized, and little information exists concerning the specificity of each member of this family. Availability of E2F mutant cells in combination with Rb family mutations will permit investigation of these issues (Tsai et al. 1998; Yamasaki et al. 1998) .
Human cancer
Our observations with TKO cells raise the question of the importance of p107/p130 mutations in human cancer. Mutations in these genes have been found only rarely and in a small subset of tumor types (Takimoto et al. 1998; Claudio et al. 2000) . In contrast, many human tumor types exhibit structural mutations in RB itself (Goodrich and Lee 1993; Weinberg 1995) . Thus, with respect to human tumorigenesis, loss of pRB function alone would appear to confer a selective advantage. This situation may resemble the p16
INK4A
-induced growth arrest in MEFs, where Rb mutation is sufficient to confer insensitivity. In other circumstances, however, loss of pRB family function as a whole may lead to some additional proliferation advantage. This may coincide with mutations in genes that regulate pRB, p107, and p130, such as INK4A or CDK4 (Weinberg 1995) . In support of this possibility, some human tumors have been described to have RB mutation and CDK4 amplification or mutations in both RB and P16INK4A (Ruas and Peters 1998) . Further mutational analysis in human cancer as well as the study of the tumorigenic potential of mouse cells carrying compound mutations in the pRB family will help to resolve this issue.
Materials and methods
Culture of ES cells
ES cells were grown as described . p107 −/− ; p130 −/− ES cell lines were derived from blastocysts (Robertson 1997) produced by crossing p107 −/+ ;p130 −/− mice on a mixed C57BL/6;129/Sv genetic background (Cobrinik et al. 1996; Lee et al. 1996) . After electroporation with the targeting vectors, ES cells were selected with 150 µg/mL hygromycin (Roche) or 2.5 µg/mL puromycin (Sigma). To delete the sequences flanked by loxP sites (see Fig. 1A ), ES cells were coelectroporated with a Cre-expressing plasmid (a gift from B. Sauer, Oklahoma City, OK) and a plasmid expressing the zeocin resistance gene (Invitrogen). ES cells were selected for 48 h with 20 µg/mL zeocin 24 h after electroporation. This brief selection did not kill nonelectroporated cells but slowed their growth, leading to enrichment in clones transiently expressing Cre.
Targeting vectors for homologous recombination
Targeting of the first Rb allele in p107 −/− ;p130 −/− ES cells was performed as described . For the second allele, a new Rb targeting vector was constructed with an additional 4.7-kb fragment of the Rb genomic locus on the 5Ј arm to improve the targeting efficiency and with a puromycin resistance cassette (puro) flanked by two loxP sites. A third loxP site was also added at a BamHI site 0.6 kb upstream of Rb exon 3 (see Fig. 1A ). Presence of this 5Ј loxP site in the genomic DNA of the ES cells after electroporation was verified by PCR using two primers surrounding this site. Details on the cloning strategy, the plasmids, and the PCR reactions are available on request. Proper integration and recombination at the Rb locus were confirmed by Southern blot.
Culture of MEFs
MEFs were derived from day 12.5-14.5 postcoitum embryos (Brugarolas et al. 1998) , and TKO MEFs derived from chimeric embryos were selected for two passages (5-7 d) with the appropriate antibiotics. MEFs were frozen at passage 2 or 3, and except for long-term culture, were used before passage 6. Only pure populations of MEFs were used, as assayed by genomic PCR. Genotyping was performed as described Cobrinik et al. 1996; Lee et al. 1996) . MEFs and the ⌽NX ecotropic packaging cell line were grown in DMEM supplemented with 10% IFS (Sigma), 5mM Glutamine, and penicillin/streptomycin. All the cells were negative for mycoplasma (MycoTest kit, GIBCO BRL).
Retroviral vectors and retroviral transduction
MEFs were infected with high-titers retrovirus stocks produced by transient transfection of ⌽NX cells (Serrano et al. 1997) . The efficiency of infection was always >80% (data not shown). The pBabe-puro empty vector containing a constitutively active Valine 12 mutant H-Ras cDNA (H-rasV12; Serrano et al. 1997) were gifts from S. Lowe (Cold Spring Harbor Laboratory). The day before the infection, cells were plated at 10 6 (controls) or 2 × 10 6 (TKO) cells per 10-cm dish. Infected MEFs were selected for 3 d with 2.5 µg/mL of Puromycin (Sigma) and replated for the corresponding assays. The human RB cDNA (a gift from W. Kaelin, Dana Farber Institute) was subcloned in the pMIG retrovirus (obtained from H. Lodish, Whitehead Institute).
Immortalization and transformation assays
All experiments were repeated at least three times, using cells from different embryos. For growth curves, 3 × 10 4 cells were plated into 12-well plates and fed every other day. Serial 3T3 cultivation was conducted as described (Todaro and Green 1963) . Briefly, 3 × 10 5 cells were plated on 6-cm plates; 3 d later, the total number of cells was counted and 3 × 10 5 cells were plated again. The cumulative increase in cell number was calculated according to the formula Log(N f /N i )/Log2, where N i and N f are the initial and final numbers of cells plated and counted after 3 d, respectively. To test for the ability of the cells to form multiple layers (foci formation assay), 10 6 MEFs from different genotypes were plated in 10-cm dishes and grown for 3 wk. The medium was changed every 3 d for the first 2 wk and then every 2 d for the final week. Plates were then stained with Giemsa (Sigma). To test for the ability of the cells to form colonies when plated at low density. 1.3 × 10 3 cells were plated in two 10-cm dishes and fed every 3 d. After 2 wk, dishes were stained with Giemsa and the number of visible colonies was counted. For colony formation in semisolid medium, 5.10 4 cells were plated in DMEM with 15% serum and 0.3% low-melting point agarose (LMP, GIBCO BRL) onto 6-cm dishes coated with 0.5% LMP. Cultures were fed weekly. To test for tumorigenicity, exponentially growing cells were resuspended in PBS at 10 7 cells/mL, 10 6 cells were injected subcutaneously into nude mice (Swiss nu/nu, Jackson Laboratories), and tumor development was monitored during 6 wk. MEFs infected with the pBabe-HrasV12-puro or the pBabe-puro retroviruses were selected for 3 d in 2.5 µg/mL puromycin, then replated to be expanded and injected into nude mice 7-8 d after infection.
Cell cycle, cell size, and cell death assays
Cells were prepared for cell cycle analysis as described (Brugarolas et al. 1998 ). Samples were processed using a FACScan apparatus (Becton Dickinson), and data were analyzed using the ModFit LT software (Becton Dickinson). Cell size was measured on 2n, 4n, and whole population of cells gated from a forwardside scatter height (FSC-H)/FL2-A dot plot and represented in a FSC-H histogram (Brugarolas et al. 1998) .
Cell viability and apoptosis
Adherent and nonadherent cells were pooled and analyzed for viability by Trypan blue exclusion; >100 cells were counted for each point. Apoptotic cell death was measured by staining the cells with Annexin-FITC (Pharmingen) and propidium iodide (PI; Sigma) and analyzing them by two-color cytometry using a FACScan, as described (de Stanchina et al. 1998 ). Annexin-positive cells (PI positive or not) were counted as apoptotic.
DNA-damage experiments
Control cells were plated at 10 6 cells per 10-cm dish, and the day after, they were ␥ irradiated with a dose of 5 Grays (Brugarolas et al. 1995) or treated with 0.2 µg/mL of doxorubicin (Sigma; Attardi et al. 2000) . After 18 h, cells were collected and processed for cell cycle analysis or RNA preparation.
Immunoblotting
Whole-cell extracts of exponentially growing cells were prepared in lysis buffer (65 mM Tris pH7, 1% NP40, 2 mM EDTA, 100 mM NaCl) containing the Complete cocktail of proteases inhibitors (Roche), and protein concentrations were determined with the BCA protein assay reagent (Pierce). Immunoblot analysis for pRB (Pharmingen, 14001A, 1 : 250), p107 (Santa Cruz, CA, C-18, 1 : 1000), and p130 (Santa Cruz, C-20, 1 : 1000) were performed as described . Immunoblot analysis of p53 (Santa Cruz, Pab240, 1 : 500 ), p16
INK4A (Santa Cruz, M-156, 1 : 1000), p21 CIP1 (Santa Cruz, C-19, 1 : 1000) p19 ARF (Novus Biological, 1 : 500) , and cleaved PARP (New England Biolabs, 1 : 2000) was performed with 60-100 µg of proteins run on 12.5% acrylamide gels transferred to Immobilon-P (Millipore). Secondary antibodies coupled to HRP were purchased from Jackson ImmunoResearch Laboratories and used at 1 : 5000. Detection was performed by chemiluminescence.
Electromobility shift assays
Cell extracts were prepared and E2F binding reactions were performed as described . Briefly, complexes were separated by electrophoresis on a 4% polyacrylamide (29.2 : 0.8)-5% glycerol-0.25× Tris-Borate-EDTA gel at 175V for 4 h at 4°C. The antibodies used to supershift the complexes were p130 C-20 (Santa Cruz), p107 SD-15 (a gift from N. Dyson, MGH, Charlestown, MA), pRB 21C9 (Santa Cruz), and E2F-4 (a gift from J. Lees, MIT, Cambridge, MA). p53 assays were performed as described (Tsai et al. 1998) .
Northern blot analysis
Preparation of total RNA and Northern blot analysis was performed using standard methods as described (Attardi et al. 2000) .
